Electric and hybrid electric vehicles use valve-regulated lead acid ͑VRLA͒ cells that are subjected to dynamic operation with charge, rest, and discharge periods in the order of seconds. Such operation requires more sophisticated models that incorporate the electrochemical double layer. While this effect has been incorporated in a handful of electrochemical systems, the lead-acid cell, with its sluggish reaction kinetics, is one of the few where it is significant. This significance is demonstrated with use of the current-interrupt technique, where the model is used to provide guidelines for the estimation of various resistances. The usefulness of the modeling approach is exemplified by its ability to explore the effect of changing electrochemical area and concentration with state of charge, and the role of parasitic side reactions in the voltage response of the cell. Simulations of pulse charging and dynamic stress test of VRLA cells, where considerable differences are shown when including the double layer, illustrate the need for modifying the presently used modeling approach. In addition, simulations are compared to current-interrupt experiments on commercial cells in order to evaluate the applicability of the model and to identify the differences. With renewed interest in the development of electric and hybrid electric vehicles over the last decade, advanced batteries have received much attention. At present, only the valve-regulated lead acid ͑VRLA͒ and the nickel-metal hydride ͑Ni-MH͒ battery are being actively considered for these applications, while Li-ion cells could become more popular in the future when all safety-related issues are resolved. Of the two candidate battery systems, the low cost and ease of operation of the VRLA battery assures it a prominent role in the years to come. This can be seen from the choice of the VRLA battery as the main power source in a number of electric vehicles ͑EVs͒ and as a high power source used in conjunction with an internal combustion engine in hybrid electric vehicles ͑HEVs͒.
With renewed interest in the development of electric and hybrid electric vehicles over the last decade, advanced batteries have received much attention. At present, only the valve-regulated lead acid ͑VRLA͒ and the nickel-metal hydride ͑Ni-MH͒ battery are being actively considered for these applications, while Li-ion cells could become more popular in the future when all safety-related issues are resolved. Of the two candidate battery systems, the low cost and ease of operation of the VRLA battery assures it a prominent role in the years to come. This can be seen from the choice of the VRLA battery as the main power source in a number of electric vehicles ͑EVs͒ and as a high power source used in conjunction with an internal combustion engine in hybrid electric vehicles ͑HEVs͒.
This renewed interest has spurred research in this area, with focus on improving the performance of the system and tailoring the manufacturing process to achieve the requisite power and energy demands. In particular, the ability of the battery to handle the simplified federal urban driving schedule ͑SFUDS͒ and the dynamic stress test ͑DST͒ 1 are being extensively studied, as they provide a suitable yardstick to characterize the performance of EV batteries. These schedules, which involve repeated discharge, rest, and charge periods, each lasting a few seconds, test the dynamic response of the system. In addition, recent evidence that the cycle life of the VRLA battery can be extended considerably by the use of smart charging algorithms 2 has spurred interest in current interrupt ͑CI͒, 3 pulse, and ''burp'' ͑i.e., where a short discharge pulse is incorporated during a pulse charge process͒ charging of the battery. 4 While considerable effort has gone into testing batteries under these schemes, a cost-effective method of characterizing them is the use of mathematical models that describe the operation of the cell. Not only is this approach advantageous in reducing the time required to test batteries of different design, it also provides a means of understanding the underlying phenomena that govern its response. While numerous models exist that provide a macrohomogeneous approach to describe the system ͑for example, see, Ref. 5-10͒, not enough research has been undertaken in extending the response of the models during dynamic operation of the cell prescribed for EV applications. 11 These applications have pulses and rest periods in the order of seconds, where phenomena with small time constants, specifically double-layer charging, become important, requiring modifications to the existing models.
In addition, the CI technique, frequently used to estimate the various resistances in electrochemical cells, 12 can be simulated only by the incorporation of the double-layer capacitance. When the constant current is interrupted, although the external current is zero, the double layer remained charged, resulting in local currents in the porous electrodes. These currents are caused by the discharging of the double layer onto the electrochemical reaction, which results in the potential changing to reach its equilibrium value with a finite time constant. This time constant can be estimated by equating the double-layer charging current to the current going to the faradaic reaction. Using linear kinetics, this can be approximated to be 13 Rct ϭ
RTC Fi o ͓1͔
where the symbols are defined in the notation section. Equation 1 shows that the time constant for the process changes linearly with the specific capacitance ͑C͒ and inversely with the exchange current density (i o ). In other words, reactions that are kinetically sluggish would result in a large time constant, while those that are facile would have a smaller time constant. For example, the zinc electrode has facile kinetics with i 0 in the order of 10 Ϫ2 A/cm 2 , 14 which leads to a value of in the order of 50 s, using a value of double-layer capacitance of 20 F/cm 2 at room temperature, while the nickel hydroxide electrode, with an i o of 10 Ϫ4 A/cm 2 , 15 leads to of 5 ms. This small time constant has been the reason the phenomenon has been largely ignored in most mathematical models for batteries. Interestingly, the kinetics of the lead dioxide reaction is very sluggish with i o on the order of 10 Ϫ7 A/cm 2 , 5 leading to time constants on the order of seconds, suggesting that this phenomenon could be extremely important under dynamic operation.
Very few studies exist that incorporate double-layer capacitance in the mathematical models for battery systems. Recently Ong and Newman 16 studied the effect of double-layer capacitance in the Liion cell, where they analyzed the time constant of the process and the differences in the potential change with and without this effect. Subsequently, this model was extended by Doyle et al. 17 to predict the impedance response of the cell, where incorporation of this effect is crucial. Another study by Lin et al. 18 focused on the incorporation of a faradaic reaction in the model for an electrochemical double-layer capacitor ͑EDLC͒. The authors modeled the behavior of a high-surface-area carbon electrode on which ruthenium oxide was deposited and showed the advantages of using a faradaic capacitor over an EDLC. In addition, while numerous papers study the CI experiment in planar electrodes ͑e.g., see Ref. 12 and 19͒, porous electrodes, especially batteries, have been largely neglected. One of the few papers that have analyzed the CI technique in porous elec-trodes is one by Lagergren et al., 20 who modeled the behavior of a molten carbonate fuel cell.
The purpose of this communication is threefold: ͑i͒ to point out the importance of incorporating the double layer in mathematical models for the lead-acid cell during various dynamic operations, ͑ii͒ to provide insight into the various physicochemical processes during a CI experiment, and ͑iii͒ to provide guidelines for estimating the various resistances in the cell from experimental data. The paper first details the mathematical model, after which the importance of the double-layer charging and various underlying phenomena are explored by simulating the CI response of the cell. Subsequently, two examples of dynamic operation are provided, namely, the DST and burp charging, where the importance of including this effect is clearly seen. Finally, experimental data on the CI response of a lead-acid cell is used to gauge the applicability of the model and to provide insight into the differences.
Mathematical Model Development
The VRLA cell modeled in this study is based on previously published models. 10 The cell consists of a lead dioxide positive electrode, a separator, and a lead negative electrode. All three regions are porous and filled with sulfuric acid. The active material is pasted on a conductive lead grid. During charge, while in the positive electrode, lead sulfate is oxidized to lead dioxide according to
In the negative electrode the lead sulfate is reduced to lead according to
PbSO 4 is an insulator 21 and Reactions 2 and 3 are thought to occur by the dissolution of PbSO 4 into solution as Pb 2 ϩ ions, which then react electrochemically to form PbO 2 or Pb. In addition to these main reactions, side reactions corresponding to oxygen evolution in the positive electrode according to
and hydrogen evolution in the negative plate according to
also occur. Although the equilibrium potentials of both Reactions 4 and 5 suggest that they occur during normal battery operation, the kinetics of the reactions are sluggish. While oxygen evolution is unavoidable under high state of charge ͑SOC͒, the hydrogen evolution reaction ͑HER͒ occurs only during extreme overcharge. In addition to Reaction 5, the oxygen reduction reaction, according to
occurs on the negative electrode, typically during overcharge, due to the large overpotential for the reaction. The one-dimensional mathematical model used in this paper is based on charge and mass balances derived from first principles. The model equations are similar to the one described previously 10 and are thus not repeated in this paper. Instead, only the charge balance equations, which need to be modified, are described. The following assumptions are made in developing the model: ͑i͒ the cell is assumed to be isothermal; ͑ii͒ the mass and charge balance in the electrodes are described using porous electrode theory, where the microscopic details of the pore structure are neglected; ͑iii͒ the sulfuric acid is assumed to dissociate completely into H ϩ and HSO 4 Ϫ ;
͑iv͒ formation of Pb 2ϩ ions and possible transport limitations are neglected; (v) the electrochemically active surface area is assumed to be the area covered by PbO 2 and Pb, and PbSO 4 is assumed to be nonconducting; ͑vi͒ specific adsorption of ions at the electrode surface is neglected, i.e., the mass balances are not altered by the incorporation of the double layer; and ͑vii͒ the capacitance is assumed to be a constant with SOC ͑or potential͒. In addition, the model incorporates the transport of the gas-phase species, which require addition assumptions. However, for all the graphs in the paper, recombination is not important and hence this is not detailed here. For details on the effect of the gassing reactions see Gu et al. 22 Due to assumption ͑vi͒, the incorporation of the double layer affects the charge balance equations alone. In the matrix phase, the charge balance becomes 16, 23 
where the source/sink term in Eq. 7, S e c , depends on the electrode. In the positive electrode, this is the sum of the reaction currents to the PbO 2 and the oxygen reactions. In other words
where the numbers in the subscript correspond to one of the reactions 2-6. In the negative electrode, the Pb, hydrogen evolution, and oxygen reduction reactions occur. Therefore, S e c is expressed as
As mentioned earlier, the electroactive area corresponds to that of PbO 2 ͓see assumption ͑vi͔͒ and hence the area changes with SOC and depends on whether the battery is charged or discharged. For the primary reactions ͑Reactions 2 and 3͒ this can be expressed as 10 a j ϭ a max,j ͑ 1 Ϫ EUC ͒ j ϭ 2,3 for discharge ͓10͔
and a j ϭ a max,j EUC j ϭ 2,3 for charge ͓11͔
where EUC is the local electrode utilization ͑estimated using Faraday's law and the maximum capacity of the electrode͒, a max the maximum specific surface area of the electrode under consideration, and the morphology correction factor ͑taken to be 0.6 in this study͒. In a completely charged cell, EUC is equal to 0.0, while in the discharged state this value is 0.2 in the PbO 2 and 0.27 in the Pb electrode for the dimensions of the electrodes chosen in this study. For the secondary reactions and for the double-layer formation, the specific surface area is calculated from
where a max,4 ϭ a max,2 and a max,5 ϭ a max,6 ϭ a max, 3 . In other words, the area for the main reaction corresponds to the area of the reactants, which changes with SOC, while, the area for the side reaction is that due to the PbO 2 and Pb. This assumption is made because PbSO 4 is thought to be an insulator and hence no direct electrochemical reaction is assumed to occur on its surface. Notice that in order to be consistent with the assumption that PbSO 4 is an insulator, Eq. 12 assumes that the double layer forms only on the PbO 2 and Pb surface. If the double layer forms on both surfaces in a similar manner, then this surface area would be the maximum surface area at all SOCs. However, this change does not effect the qualitative results presented in this paper and hence is not explored further. Note that if the area for double-layer formation changes with time, the area term would be in the partial differential equation in Eq. 7 ͑and Eq. 13͒. However, as the change in area is negligible in the time step used, the value is assumed to be a constant equal to the value in the previous time step.
Similar to Eq. 7, the charge balance in solution can be expressed as
where eff and eff are the effective conductivities of the electrode and electrolyte, respectively, which are estimated from the conductivity of the free medium and the porosity based on the Bruggeman correction. 24 This correction is also used to correct the acid diffusion coefficient. The conductivity of the solution and the diffusion coefficient were estimated based on the correlation by Tiedemann and Newman. 5 The currents in Eq. 8 and 9 are expressed in terms of the overpotential and concentration using a kinetic expression. For the primary reactions ͑Reactions 2 and 3͒ this is expressed using the Butler-Volmer equation as
͓14͔
while for the oxygen reactions ͑Reactions 4 and 6͒ this is expressed as
For the HER ͑Reaction 5͒, the surface overpotential for the reaction is large, and hence the Tafel expression is used
The concentrations in Eq. 14-16 are estimated based on the mass balance expressions. The overpotential, j , is evaluated from
While the open-circuit potential ͑OCP, U j ) is given in Table II for the Pb, O 2 , and H 2 reactions, the value for the PbO 2 reaction is a function of the acid concentration as given by Bode. 21 The doublelayer current is calculated using
Equations 7 and 13 are the only two equations that are modified in the present model in order to predict the effect of the double-layer capacitance in the cell. For more details on the other model equations, see Ref. 10 and 11.
Numerical Procedure
The resulting equations were solved using a computation fluid dynamics ͑CFD͒ technique. The equations are discretized using the control-volume based-finite difference technique introduced by Patankar. 25 The resulting set of algebraic equations were solved iteratively and convergence is considered to be achieved when the relative error between iterations is less than 10
Ϫ6 . All simulations presented in this paper were generated using 29 nonuniform grids in the x direction and time steps in the range of 5-500 ms. A typical discharge curve for the cell, lasting tens of hours, is completed in approximately 2 min of central processing unit ͑CPU͒ time.
Results and Discussion
Current-interrupt.-We begin this section by analyzing the effect of adding the double-layer capacitance into the model, and gauging the effect of the various parameters on the time constant during a CI. All the plots in this paper were generated on a VRLA battery of nominal capacity 70 Ah, which consists of 26 cells in parallel and four cells in series. The dimensions of the plates and other essential features of the battery are listed in Table I and are based on the design of a commercial cell used for EV applications. The various equilibrium, kinetic, and transport properties used are listed in Table  II , which are reproduced from Ref. 22 . Unless specified, all the plots were generated for a constant current of 25 A impressed on the whole battery, after which the current is interrupted. Profiles will be shown for a single cell in the battery ͑capacity 2.69 Ah͒, corresponding to a current of 0.961 A. Figure 1 shows the potential profile when the cell at rest at 50% SOC, wherein the concentration profiles are uniform, is subjected to a 15 s discharge after which the current is interrupted. The SOC is referenced to this nominal capacity of the battery ͑70 Ah͒ and is considerably smaller than the true theoretical capacity based on the amount of active material or the amount of acid. Therefore, 50% SOC corresponds to the acid concentration and the active material loading when the battery is discharged by 35 Ah. The figure plots the potential profiles without the double-layer ͑••••••͒ and four profiles with double-layer capacitance, corresponding to: ͑i͒ the values of the parameters as listed in Table II ͑ ͒; ͑ii͒ with the diffusion coefficient of H 2 SO 4 close to infinity ͑----͒; ͑iii͒ the value of i o of reaction 2 ten times the value in Table II ͑-••-͒; and ͑iv͒ the value of i o of reaction 3 ten times that in Table II ͑-•-͒. Note that in plots ͑ii͒-͑iv͒, all other parameter values other than the one changed were kept the same as that in Table II .
Comparison between the curves with and without the double layer clearly shows the importance of incorporating the effect. The time required for the profile to reach a steady state, seen to be in the order of 5 s in Fig. 1 , asserts to the importance of incorporating this effect under such dynamic operations. When the diffusion coefficient of the acid is increased, so as to eliminate any diffusion limitation in the cell, a plot very similar to the previous case is seen. Although the two plots start to deviate after 2 s on open circuit, the differences are minimal and correspond to approximately 0.1-0.2 mV, with the potential of the cell with larger diffusion coefficient being higher. In a lead-acid cell, the OCP is related to the acid concentration, and hence any differences in the concentration between different points in the cell result in changes in potential. At very long times ͑approximately 20 min͒ all the curves collapse, suggesting that the cell has reached a steady state. The figure shows that although a long time is required for the concentration to equilibrate, the differences in potential are minimal. This small change occurs because of the short discharge time ͑15 s͒ before interruption wherein the concentration gradients do not build up significantly. If the concentration gradients were allowed to build, then a greater voltage drop is expected. In a lead-acid cell, as the voltage is based on the acid concentration, these gradients would result in coupling with reactions which would occur at different rates at different parts of the porous electrodes, making interpretation difficult. In this paper, we have tried to minimize this effect in order to concentrate on the effect of the double layer. The negligible effect of acid diffusion is further asserted when the exchange current density for Reaction 2 is made ten times larger. The time constant for the process decreases by an order of magnitude, as seen in the figure. Note that this is consistent with Eq. 1, suggesting that the time constant seen is indeed the effect of the reaction resistance. Further, when the exchange current density of Reaction 3 is increased instead of the positive electrode, no differences are seen in the time constant. This is consistent with the fact that the exchange current density of Reaction 3 is larger than that of Reaction 2 by an order of magnitude, hence making this electrode insignificant in the behavior of the cell. Note that both these curves result in a significant decrease in the potential on passing a current: a result of the decrease in the kinetic polarization losses with increasing exchange current density. In summary, Fig. 1 shows that the main cause for the time constant associated with a CI in a lead-acid cell is the exchange current density of Reaction 2. While concentration gradients take a considerably longer time to dissipate, its effect on the cell potential is negligible under the conditions simulated in this paper. Figure 1 has often been used as a method of estimating the various resistances in a cell by measuring the potential drops after suitable time intervals. 12 We now examine the nature of the curve more closely in order to estimate the time for each process to dissipate. Figure 2a shows the solution potential and 2b the currents resulting from the double layer and the primary reactions across the cell at 50% SOC. At this SOC, the currents to the secondary reactions are negligible and hence are not shown in the figure.
Prior to interruption, the potential of the cell does not change appreciably, as seen in Fig. 1 , and hence the double-layer current is negligible in both electrodes ͑see Fig. 2b͒ . In addition, although there is an appreciable change in the overpotential profile in the porous electrodes ͑not shown͒, the current to the primary reactions are uniform; a consequence of the sluggish kinetics of the reactions. The existence of the external current results in a considerable potential drop across the cell, as seen from the liquid phase potential profile, with a greater drop in the positive electrode compared to the negative, as a result of the differences in their thickness.
At the instant the current is interrupted, current transfer from the electrode to the separator region is halted. As no current flows through the separator region, the potential drop goes to zero, as seen from the solid line in Fig. 2a . However, in the porous electrode, the double layer remains charged and hence, the overpotential for reaction is maintained ͑reflected in the reaction currents in Fig. 2b͒ . This overpotential results in the transfer of current from the matrix to the solution and consequently results in potential drops in the solution phase, all of which remain unchanged on interruption. However, as the current transferred from the electrode to the separator goes to zero, the solution potential ͑related to the current through Ohm's law͒ changes at this interface so as to make the flux zero, as seen from the solid line in Fig. 2a . As the solution potential changes in this region, the double-layer current, related to the time change of this quantity, changes dramatically, as seen from the large current at this interface in Fig. 2b . If the simulations were conducted with a infinitesimally small time step, then this profile would be a delta function with the peak at the electrode/separator interface. The double-layer profile in Fig. 2b is similar to the short-term behavior of an EDLC when subjected to a constant current 18, 26, 27 and corresponds to a case when the matrix conductivity is large compared to the solution. This similarity would extend to the case where the solution conductivity is large compared to the matrix, where the double-layer profile would be the mirror image of the one in Fig. 2b .
For comparable values for the two, the double-layer current is large in the two ends of the electrode and smaller in the center. In other words, at the instant of interruption, for the case when the matrix conductivity is very large compared to the solution, only the region at the electrode/separator interface experiences changes, with the solution potential, solution current, and overpotential remaining unchanged, prior to and after interruption, in the rest of the porous electrodes. Therefore, the potential drop at this instant is solely due to the resistance of the separator. 20 This is similar to a high-frequency impedance experiment where the resistance measured corresponds to the separator resistance ͑for the case when the matrix phase conductivity is large compared to the solution͒. However, while in the impedance experiment this is a consequence of the current taking the path of least resistance across the cell; in a CI, this is a consequence of the double layer sustaining the overpotential at all points in the porous electrode upon interruption.
However, one difference between the double-layer current profile of an EDLC and that in Fig. 2b is in the flux of this quantity at the electrode/separator region. In an EDLC this flux is equal to zero, while in Fig. 2b this is finite. Simplistically, for a case where the matrix potential is invariant, the flux of the double-layer current is the time change in the flux of the solution potential. In an EDLC, the flux of the solution potential is a constant ͑corresponding to the current͒ during a constant current operation, and hence this quantity is zero. However, in Fig. 2b the flux of the solution potential changes from being constant prior to interruption ͑equal to the constant current͒ to zero after interruption. This results in a finite flux of the double-layer current at this surface.
However, as the interruption is continued, the lead-acid cell imitates the behavior of an EDLC, as shown in Fig. 3 , where the double-layer and reaction currents are plotted across the positive electrode as a function of time. This is a result of the flux of the solution potential at the interface remaining unchanged with time ͑and equal to zero͒. With time, the double-layer current profile moves into the porous electrode and the currents become more uniform, similar to that in an EDLC. 18, 26, 27 In addition, the area under the curve ͑corresponding to the total charge transferred to the double layer͒ remains fairly constant, which is seen from the comparable reaction currents between the 10 and 50 ms curves in the positive electrode. ͑Note that on interruption, the total double-layer current equals the reaction current in each electrode.͒ The nonuniformity of the double-layer charging profile results in passage of current from one part of the porous electrode to another, resulting in ohmic losses. As the profile becomes more uniform, these losses are dissipated. This decrease in ohmic losses results in the sharp drop in potential with time, seen in Fig. 1 , on open circuit, after the dissipation of the losses in the separator. As the potential changes dramatically in a short time, the double-layer term in Eq. 7 and 13 dominate over the reaction terms, hence making the governing equations similar to that of an EDLC. Considering this similarity, the time constant for the profile to become uniform can be approximated using the time constant for double-layer charging, namely
When the dimensionless time, t/ ohmic , is very small, the doublelayer profile is very nonuniform and the potential drop measured by the interrupter technique is that corresponding to the shortest path across the cell ͑equal to the separator resistance when the matrix conductivity is large͒. As t/ ohmic approaches 1.0, the profile becomes more uniform and the value estimated is the sum of the drop across the porous electrodes and the separator. It should be noted that estimating the ohmic drop across the porous electrode is nontrivial as it depends on the exchange current density, solution conductivity, and amount of active material and hence changes with SOC.
After the ohmic losses in the porous electrode are dissipated ͑approximately 10 ms for the negative and 200 ms in the positive͒, kinetic losses start to dominate the process. As mentioned earlier, although losses due to concentration variations also occur simultaneously, they play a negligible part in the potential drop in the lead-acid cell. During this time, the charge in the double layer starts to dissipate, as seen from the decreasing currents in Fig. 3 
͓20͔
In Eq. 20 the term a dl /a j appears as the area for reaction may be different than the area for double-layer formation, caused by the assumption that PbSO 4 is nonconducting. During discharge these two quantities are the same, while on charge, they increase with SOC. Substituting the appropriate parameters leads to an estimate of Rct in the order of 300 ms for the negative and 2-3 s for the positive. For the behavior considering both the double-layer and the faradaic reaction with linear kinetics in a porous electrode with no concentration variations, see Ong and Newman. 16 At longer times, the double layer is fully discharged and all internal currents go to zero. However, small changes in the cell potential continue to occur due to the existence of concentration variations across the cell. These can be estimated based on the time constant for mass transfer, namely
where L is the characteristic length over which diffusion occurs. Assuming this value is in the order of the separator thickness ͑0.1146 cm͒ provides an estimate of MT to be approximately 1300 s for a D Hϩ of 1 ϫ 10 Ϫ5 cm 2 /s. In summary, the potential response after a current interrupt in the lead-acid cell can be divided into the different regions shown in Fig.  4 . At times close to 0 s, the interrupter technique provides the value of the separator resistance. From 0 s to the time constant approximated by Eq. 19, the profile is dominated by ohmic losses in that negative electrode. Subsequently, both the ohmic losses in the positive and the kinetic losses in the negative dissipate for a time approximated by either Eq. 19 or 20, as both yielded similar values for the cell under study. Subsequently, kinetic losses in the positive electrode dissipate, whose time constant is approximated by Eq. 20. Finally, concentration variations start to dominate the process. Note that the time constant is not an exact measure of the time required to reach a steady state and is meant to provide an order-of-magnitude estimation ͑e.g., for an exponential function, one time constant corresponds to the time to reach 67% of the steady state͒. In addition, the regions marked in Fig. 4 indicate the end of a process and do not suggest that no other process occurs in that regime. For example, while the positive electrode is in the ohmic region, the negative electrode is in the kinetic region and represents most of the potential drop. However, considerable insight can be achieved by analyzing the time constants based on the aforementioned approach. Specifically, experimental half-cell voltage, measured with respect to a reference electrode, combined with this model, can be used to isolate each phenomenon separately.
Having established that the main contribution to the time constant for the lead-acid cell is the dissipation of the kinetic resistance in the positive electrode, we now examine the effect in more detail. The effects are shown for the positive electrode, as the negative electrode does not contribute significantly to the time constant after interruption. The equilibrium potential of the oxygen evolution reaction ͑OER, Reaction 4͒ is lower than the main reaction ͑Reaction 2͒; therefore, both occur simultaneously during charge and discharge. While the main reaction changes sign depending on the direction of the current ͑oxidation on charge and reduction on discharge͒, the OER remains the same ͑oxidation͒. Therefore, on interruption, the currents to the two reactions and the double layer are distributed differently depending on whether the cell is charged or discharged, as seen in Fig. 5 and 6 . Figure 5 shows the PbO 2 and the oxygen currents when the cell is charged for 10 min from rest with a current of 0.961 A, after which the cell is interrupted, for three SOCs. The currents were calculated by integrating the reaction current across the positive electrode. The figure shows three distinct characteristics, namely, ͑i͒ an increase in the oxygen current with increasing SOC, ͑ii͒ an asymptotic decay in both currents, once the external current is interrupted, and ͑iii͒ an increase in the time constant with increasing SOC. As the SOC increases, the overpotential for the OER is larger, which in turn results in a larger current to the side reaction. Once the current is interrupted, this overpotential is maintained; hence, as much as 10% of the total current is transferred to the side reaction. With time, the cell potential decreases, thereby decreasing the overpotential for both the reactions, resulting in a decrease in the reaction currents. This is seen more clearly in the inset plot, where the oxygen current is replotted in logarithmic scale. Both the lower currents at lower SOC and the decay after interruption are clearly seen. Note that the steady-state oxygen current is the self-discharge current for the cell at that SOC. As both the PbO 2 current and the oxygen current are positive in Fig. 5 , the doublelayer current ͑not shown͒ is the sum of the two values, on open circuit. In other words, on open circuit, the double layer discharges onto both the main and side reactions, thereby dissipating the charge faster.
The third phenomenon in Fig. 5 , namely, the increase in time constant with increasing SOC, can be better understood by analyzing the various terms in Eq. 20. As both the capacitance and the exchange current density are assumed to be a constant with SOC ͑or potential͒, the time constant depends on two terms, namely, ͑i͒ the ratio of the area for double-layer charging and that for electrochemical reaction and ͑ii͒ the ratio of the acid concentration to the reference acid concentration arising from the concentration dependence of the exchange current density. On charge, with increasing SOC, the PbO 2 surface area increases and consequently, the PbSO 4 area decreases. Therefore, the area for double-layer formation (a dl ) increases and the area for reaction (a j ) decreases. From Eq. 20 it is clear that this change would result in an increase in the time constant with increasing SOC. However, competing with this effect is the influence of the acid concentration. As the cell is charged, the acid concentration increases and approaches the reference concentration ͑taken to be 5.65 M in this study͒. Therefore, the ratio of these quantities increases with SOC. This, in turn, results in a decrease in the time constant with increasing SOC, as seen from Eq. 20. However, the decrease is not enough to offset the large increase due to the increase in surface area. Hence, Fig. 5 shows that on charge, the time constant increases with increasing SOC due to the increase in the area for double-layer formation.
In contrast, during discharge, decreasing the SOC results in an increase in the time constant, as seen from Fig. 6 . The graph plots the PbO 2 and the oxygen current when the cell is discharged for 10 min at a current of 0.961 A, after which the current is interrupted, at different SOCs. During discharge, the area for double-layer formation is the same as that for reaction; therefore, the ratio of the two is always 1.0. However, on discharge, the acid concentration decreases, therefore decreasing the ratio of the acid concentration to its reference value. This, in turn, results in an increase in the time constant with decreasing SOC, as seen from Eq. 20. However, note that the increase in this figure is not as pronounced as that seen in Fig. 5 , asserting the fact that the concentration change has a smaller effect as compared to the effect of the changing areas.
In addition to the differences in time constants, Fig. 5 and 6 also differ in the distribution of the current on interruption among the three processes. On discharge, the main reaction is negative ͑reduc-tion͒, while the OER and the double-layer current ͑not shown͒ are positive. Therefore, on open-circuit, oxygen evolution and doublelayer charging sustain the main reaction, thereby increasing the time required to dissipate the charge. Note that on interruption, the potential increases, thereby decreasing the overpotential for the main reaction, but increasing the overpotential for the side reaction ͑seen clearly in the inset plot͒. With time, the double layer is discharged and the oxygen evolution current reaches a steady state corresponding to the self-discharge current ͑the same as that in Fig. 5 at a particular SOC͒. Note that the contribution of the oxygen current is insignificant during both charge and discharge except at high SOCs, as the kinetics for this reaction is poor in the lead-acid cell. Other batteries ͑e.g., Ni-MH͒, where the kinetics of this reaction is considerably larger, would show significant effects at high SOCs.
The changes in the time constant seen in Fig. 5 and 6 are summarized in Fig. 7 , where this quantity is plotted vs. SOC on charge and discharge. For this plot, the time constant was defined as the time at which point the slope of the potential vs. time curves, estimated based on a two-point difference formula, is less than 1 ϫ 10 Ϫ4 V/s. Figure 7 shows two characteristics that were described in Fig. 5 and 6 , namely, ͑i͒ the time constant on charge is greater than that on discharge at all SOCs; ͑ii͒ the time constant decreases with increasing SOC on discharge, and ͑iii͒ the time constant increases on increasing SOC on charge. As mentioned earlier, these changes are caused by changes in the area for reaction and double-layer formation and due to changes in the acid concentration as defined in Eq. 20. Note that Fig. 7 would be different if the double layer was assumed to form on both the PbO 2 and the PbSO 4 surfaces. Under such conditions, the numerator in Eq. 1 is a constant while the denominator varies. On charge, the surface area decreases with increasing SOC, while the concentration of acid increases. As the acid concentration has a smaller effect compared to the surface area, this results in a decrease in time constant, similar to the case when the double-layer area changes with SOC. On discharge, both the surface area and the acid concentration decreases, which results in an increase in time constant with decreasing SOC, similar to Fig.  7 . Hence, qualitatively, Fig. 7 remains the same irrespective of the choice of the area for double-layer formation, although the quantitative values may be different. Figure 7 suggests that the interrupter technique may provide a means of estimating the change in the electrochemically active sur- face area with SOC in lead acid cells. Preliminary experiments on a commercial lead-acid cell show considerable differences in the time constant between different SOCs and between charge and discharge. However, the time constants measured experimentally were an order of magnitude larger than that predicted by the simulation. These differences are explored further in the last section of this paper.
Dynamic operation.-We now examine the effect of adding the double-layer capacitance on dynamic operation of the battery under the burp and DST cycles. Pulse and burp charging of VRLA cells has been initiated as a means of increasing the charging efficiency and cycle life. When lead-acid batteries are charged, acid is produced as seen from Eq. 2 and 3. However, fast charging of cells would result in the nonuniform production of acid across the cell with more produced at the electrode/electrolyte interface. The pulse charging is used to provide time for the equilibration of the acid concentration during the rest periods ͑ca. 3 s͒. In addition, the time is useful in dissipating the heat generated in the cell.
3 Figure 1 shows that under such operation, the inclusion of the double layer is essential in predicting the resulting potential transients. The burp charging algorithm is an extension of the pulse operation, wherein a discharge pulse is incorporated into a regular CI ͑see inset in Fig. 8͒ . The discharge pulse results in the consumption of acid, which is thought to help in achieving a more uniform distribution. In addition, the pulse charging has been seen to aid in improving the cycle life of the cells by reducing the sulfation of the negative electrode. 3 However, considerable research is needed in order to understand these effects better.
A recent model of the VRLA cell has attempted to describe the pulse and burp operation of the cell, although the model does not account for the double-layer effect.
4 Figure 8 illustrates the importance of this effect in models describing burp operation. The figure shows the potential profile during one such operation simulated at 0% SOC, with and without the double layer. The short time of rest and discharge results in significant differences in the predicted potential when incorporating this effect. Note that the differences would change as a function of SOC depending on the differences in the area for double-layer charging and reaction and on the acid concentration, as mentioned previously. Note that small differences are also seen when the cell is discharged ͑or charged͒ from rest, with the change in potential being more gradual with the inclusion of the double layer, consistent with previous studies on other batteries. 16 Another commonly used test for EV batteries is the DST algorithm, 1 where the cell is subjected to repeated charge, discharge, and rest operations. The profile can be thought of as a series of constant power experiments. The impressed power is represented as a percentage of the peak power of the cell. The USABC mid-term goal for batteries is a peak power of 120 W/kg, which is assumed to be the value for the battery simulated in this paper. Combined with the weight of the battery ͑assumed to be 19.3 kg͒, this yields the impressed power, shown in the inset plot in Fig. 9 . Figure 9 also shows the potential profile of the cell simulated with and without the double layer at 100% SOC. Significant differences are seen between the two profiles, especially when the cell current is switched off from either a charge or discharge. In addition, similar to what is seen in Fig. 8 , a gradual change in potential is seen when the cell switched from open circuit to an impressed power. In summary, Fig.  8 and 9 demonstrate the importance of including the double-layer effect when modeling lead-acid cells under various dynamic operations.
Comparison of the model to experimental data.-Having demonstrated the need for incorporating the double layer, we examine the ability of the model to predict the experimental potential profile on VRLA batteries on interruption. The experiments were performed on a 85 Ah commercial VRLA cell that has 13 cells in parallel and four cells in series. The cell was first completely charged using a series of constant currents of decreasing amplitude, after which the cell was discharged for 5 min at 92 A and the current interrupted. The resulting cell potential is plotted with time ͑taken at 10 ms intervals͒, denoted by the symbols in Fig. 10 . In the figure, zero time indicates the point just prior to interruption ͑corresponding to the closed-circuit potential͒. Note the large time constant ͑greater than 50 s͒ needed for the cell to reach a steady state. Figure 10 also shows the predictions of the model under these conditions. The values of the various cell specific parameters were kept the same as that in Table II . As the model predicts the behavior of cells with electrode thickness half that of real cells, it was assumed that the battery consists of 26 cells in parallel. The dashed line in Fig. 10 corresponds to the model parameters listed in Table I . The differences between the model and experimental data are substantial and can be divided into ͑i͒ the inability of the model to predict the closed circuit potential; ͑ii͒ the inability to predict the large time constant on interruption; and ͑iii͒ the inability to predict the potential at long times. The inability to predict the potential at long times could be caused by an underestimation of the initial acid concentration in the cell. The inability to predict the closed circuit potential could be caused by added kinetic, ohmic, or mass-transfer polarization than that predicted in the model. Considering the differences in the time constant also, it was thought that the value of a j It is conceivable that the exchange current density is actually smaller than that in Table II as considerable differences appear to exist in the literature on the values of the exchange current density and surface area. The values for these quantities in Table II , all three authors suggesting that the electrode reaction is facile. The latter value appears to have originated from a paper by Aguf, 31 where the exchange current density of this reaction was measured using impedance spectroscopy. However, as the author himself notes, the value is reported with respect to the apparent area of the electrode and not the true surface area. Significant differences could exist between these two values, as noted by the author. Therefore, considering the uncertainty in this value, the smaller value is thought to be plausible.
Even if the decrease in i o is acceptable, the time constant predicted by the model is an order of magnitude smaller than that observed experimentally. Although the new parameters show a small increase in the time constant, the differences with the data are considerable. This slight increase in the time constant is a consequence of the decrease in i o as predicted by Eq. 20. An even smaller value of i o would result in much better fits to the open-circuit data; however, the closed-circuit potential predicted would be considerably lower than that shown experimentally. The surface area has no effect on the time constant, as, on discharge, the area for double-layer formation is same as that for reaction. However, the effect of a j is same as that of i o in predicting the closed-circuit potential of the cell as dictated by the Butler-Volmer equation ͑Eq. 14͒. Therefore, the i o was decreased in order to fit the time constant and a j increased correspondingly to fit the closed-circuit potential. Infinite combinations of the two, with ai o kept constant at 0.025 A/cm 3 However, even under these conditions, some variations are seen between the model and the data. Efforts to change the parameters to make the fit better were unsuccessful. It would appear that the model underpredicts the importance of mass transfer when compared to the experiment. However, the diffusion of acid does not appear to provide much change in potential when the cell is only discharged for a short time, as mentioned earlier, and a considerably lower diffusion coefficient would be needed in order to make the fits better. It is possible that other rate-limiting effects ͑e.g., diffusion of Pb 2ϩ ions͒ also contribute to the potential profile shown in Fig. 10 , although their contribution appears to be of less importance than the discharging of the double layer. In addition, the potential dip effect, thought to be a consequence of nucleation of PbSO 4 crystals, could also contribute to the data shown in Fig. 10 . Finally, as the experimental data was conducted on cell stacks, there is a possibility of differences in concentration between cells giving rise to varying voltage changes during interruption between the various cells, thereby causing the differences seen between the model and the experiments. However, the short discharge time before interruption ͑5 min͒ is small enough not to cause an appreciable change in concentration; hence, this effect is expected to be minimal. However, the small differences that are still seen in Fig. 10 may well be caused by this effect.
Inclusion of one or all of these effects may yield better fits to the data. Considering that detailed information on the cell parameters are not adequate, extensive model-to-experimental comparisons at different SOCs may not be meaningful. Controlled experiments, where quantities like the electrode and separator thickness and porosity, concentration of acid, surface area, etc., are all known, would provide a better means of making this comparison.
Conclusions
This paper details the development of a mathematical model for a VRLA cell with the aim of simulating the operation under dynamic response typically used to test EV and HEV batteries. These tests have charge, discharge, and rest periods in the order of seconds that require the incorporation of the electrochemical double layer in the existing cell models. The paper shows that the sluggish kinetics of the lead-oxide reaction results in time constants in the order of seconds when the cell is subjected to a current interrupt, thereby providing an explanation for this experimental observation. Incorporation of the double layer allows us to understand the interrupter technique in detail, with the aim of providing guidelines for estimating the various cell resistances. The technique was seen to have similarities to electrochemical double-layer capacitors under short times. The time constant of the VRLA cell was seen to be dictated by the kinetics of the positive electrode and seen to change with SOC. These changes were explained by analyzing the current transferred to the main and side reactions and by studying the effect of changes in the electrochemical area and concentration with SOC. While the changes in concentration ͑with resulting changes in the exchange current density͒ were seen to effect the time constant on discharge, the change in area was seen to dominate the effect on charge. Owing to the poor kinetics for the side reactions, little effect was seen except under high SOCs. Simulation of the dynamic stress test and burp operation ͑i.e., where a short discharge pulse is incorporated during a pulse charge process͒ were used to demonstrate the importance of modifying existing models for the cell when simulating EV or HEV batteries. Finally, experimental data was used to gauge the applicability of the model and to provide insight into the differences. The presently used kinetic parameters were seen to be inadequate in explaining both the closed-circuit potential and the time constant for the reaction. A decrease in the exchange current density by an order of magnitude was seen to yield significant improvements; however, small differences still existed, which could be caused by transport limitations for Pb 2ϩ ions, a factor not considered in this study. Controlled experiments, where the cell specific parameters ͑electrode thickness, porosity, surface area, etc.͒ are known, would provide a means of extracting the exchange current density and the change in the surface area with SOC, by utilizing the mathematical model developed in this paper.
